In this study, the applicability of Ba(Ce,Co,Y)O 3−δ (BCCY) for a cathode of proton-conducting ceramic fuel cells was investigated. The electrical conductivity and transference number of BCCY were significantly affected by a cobalt content in the oxide. It was found that this material showed a mixed conduction of proton, oxide ion, and electron. The addition of cobalt into Ba(Ce,Y)O 3−δ mainly increased the electronic conductivity of materials. Composite electrodes with an optimum composition of La 0.6 Sr 0.4 Co 0.2 Fe 0.8 O 3−δ (LSCF)-BaCe 0.7 Co 0.2 Y 0.1 O 3−δ (50:50 wt.%) exhibited lower polarization for the symmetrical cell test with a BaCe 0.8 Y 0.2 O 3−δ electrolyte in 6.5% humidified oxygen atmosphere, as compared with La 0.6 Sr 0.4 Co 0.2 Fe 0.8 O 3−δ (LSCF) itself and LSCF-BaCe 0.9 Y 0.1 O 3−δ (50:50 wt.%) composite electrodes. The power generation test was performed at 600°C-700°C using a BaCe 0.8 Y 0.2 O 3−δ electrolyte-supported single cell employing a LSCF-BaCe 0.7 Co 0.2 Y 0.1 O 3−δ (50:50 wt.%) composite cathode, upon feeding 3% humidified hydrogen and pure oxygen to the anode and cathode, respectively. The cell with a LSCF-BaCe 0.7 Co 0.2 Y 0.1 O 3−δ (50:50 wt.%) composite cathode exhibited much higher performance than that with a LSCF electrode. Consequently, the introduction of cobalt into Ba(Ce,Y)O 3−δ was an effective strategy for an improvement in an oxygen reduction reaction activity of a cathode material.
Introduction
Solid oxide fuel cells (SOFCs) are one of the leading energy conversion devices because of their high efficiency. Particularly, SOFCs with proton-conductive solid electrolytes attract much attention, which are known as proton-conducting ceramic fuel cells (PCFCs). Since the activation energy of the proton migration in oxides, such as acceptor-doped BaCeO 3 and BaZrO 3 , is lower than that of the oxide ion migration, PCFCs can operate at intermediate temperatures of 500-700°C. [1] [2] [3] [4] [5] [6] [7] Moreover, steam is produced at the cathode chamber through the electrochemical reaction. Accordingly, the fuel dilution does not occur in this system. These advantages make it possible to operate PCFCs at higher efficiency, as compared to the conventional SOFCs employing oxide ion conductive electrolytes, e.g., stabilized zirconia. For these potentialities, many researchers have made great efforts to develop reliable and durable PCFCs. Recently, some groups demonstrated remarkably high performance PCFCs at intermediate temperatures by using novel materials and fabrication methods. [8] [9] [10] [11] Particularly, the selection of cathode materials significantly affects the performance of PCFCs. This is due to the insufficient cathode activity for an oxygen reduction reaction (ORR) at reduced temperatures. 12 Thus, cathode materials with a high ORR activity are required for the further development of PCFCs.
For conventional SOFC cathodes, mixed oxide ion and electron conductors (MIECs), such as La 0.6 Sr 0.4 Co 0.2 Fe 0.8 O 3¹¤ (LSCF), Sm 0.5 Sr 0.5 CoO 3¹¤ (SSC), and Ba 0.5 Sr 0.5 Co 0.8 Fe 0.2 O 3¹¤ (BSCF), are frequently applied. [13] [14] [15] These oxides are also investigated as PCFC cathodes because of their high catalytic activity for the ORR. However, cathode reaction sites are restricted only at the electrolyte/ cathode interface for MIEC cathodes without a proton conductivity. It is reported that the rate of overall cathode reaction in PCFCs is often affected by the elementary step related to proton species. 16, 17 Hence, the introduction of proton conducting paths into a cathode is essential for the improvement of PCFC performance. Some 19 were reported to be a mixed proton, oxide ion, and electron conductor (triple conducting material). Although these oxides are expected as candidate materials for PCFC cathodes, sufficient reliability and durability have not been established yet. As one of the promising approaches, composite electrodes of a protonconductive electrolyte and a traditional MIEC are often used for PCFC cathodes. Consequently, the extension of the electrolyte/ cathode interface promotes the ORR activity of PCFC cathodes. In fact, the performance enhancement of PCFC cathodes is verified with an addition of proton conductors into MIEC materials. 20, 21 Moreover, such an oxide addition into a cathode provides an advantage in reducing a mismatch of thermal expansion coefficients between an electrolyte and a cathode. However, an adequate performance for practical applications of PCFCs has not been achieved at the present moment. Since most of proton conductors added into a cathode, such as BaCe 0.9 Y 0.1 O 3¹¤ 22 and BaZr 0.7 -Ce 0.2 Y 0.1 O 3¹¤ 23 lack in an electronic conductivity, the electron conductive domain in a cathode is restricted. Thus, the development of proton-conductive materials with high electronic conductivity is indispensable for the extension of reaction sites in a cathode.
In this study, we focused on cobalt and yttrium co-doped barium cerates, Ba(Ce,Co,Y)O 3¹¤ as mixed proton and electron conductors. Since a cobalt cation can be in multivalent states, the partial substitution of cerium by cobalt was examined so as to give an electronic conductivity to Ba(Ce,Y)O 3¹¤ , which is well-known as promising electrolytes of PCFCs. 24, 25 The transference numbers of proton, oxide ion, and electron were measured by an oxygen concentration cell. An 
Sigma-Aldrich, Co.) were dissolved into a distilled water. Then, citric acid monohydrate (Wako Pure Chemical Industries, Ltd.) was introduced into the solution at the molar ratio of citric acid/total metal cations of 1.5/1.0. Subsequently, the pH of this solution was adjusted to 8.0 by the addition of an ammonia aqueous solution. The resultant solution was stirred at 70°C until water was evaporated. The obtained gel was heated at 350°C in air to get a precursor powder. Finally, the resultant powder was calcined at 1100°C for 5 h in air. X-ray diffraction (XRD) analysis was conducted using Ultima IV X-ray diffractometer (Rigaku) with CuK¡ radiation to identify the phase of the prepared samples. The powder density was determined with an Ultrapycnometer 1000 (Quantachrome).
Cell fabrication
For the measurement of electrical conductivity, prepared powders of BCY10 and BCCY100x were pelletized under a uniaxial pressure of 50 MPa, and then cold-isostatic pressed at 300 MPa. Subsequently, these pellets were sintered for 10 h at 1250°C and 1600°C for BCCY100x and BCY10, respectively, in air. The relative densities of obtained pellets were calculated to be higher than 96% by the Archimedes method. Then, each pellet was cut into a rectangular specimen with a dimension of 3.2 mm © 3.2 mm © 6.0 mm. Four platinum wires were attached to the specimen as electrodes for the measurement of electrical conductivity by the dc four-probe method. These wires were fixed with a platinum paste (Metalor Technologies (Japan) Corp.), followed by the heat treatment at 900°C for 1 h in air.
For the evaluation of transference number of BCCY100x, symmetrical cells composed of Ag«BCCY100x«Ag were fabricated. The pellets of BCCY100x with a thickness of 1.0 mm were prepared as described above. A silver paste (Dotite, Fujikura Kasei) was used for electrodes with an area of 0.283 cm 2 and heated at 900°C for 2 h in air to burn off residual organics.
The symmetrical cells consisting of LSCF-BCCY100x electrodes and a BCY20 electrolyte were fabricated as follows. In these cells, a dense BCY20 pellet (relative density; >95%) was applied as an electrolyte due to its high proton conductivity; 26 a BCY20 pellet was sintered at 1600°C for 10 h in air, and then polished to be 0.75 mm in a thickness. Powders of BCY10 or BCCY20 and La 0.6 Sr 0.4 Co 0.2 Fe 0.8 O 3¹¤ (LSCF, Kusaka Rare Metal Products Co., Ltd.) were mixed at weight ratios of 30:70, 50:50, and 70:30%. The resultant powders were dispersed in polyethylene glycol (mean molecular weight: 400, Wako Pure Chemical Industries, Ltd.) to obtain slurries of LSCF-BCY10 and LSCF-BCCY20. These slurries were screen-printed on both sides of a BCY20 pellet, and then calcined at 1200°C for 5 h in air. The symmetrical cell with a LSCF electrode was also prepared in the same manner.
The electrolyte-supported cell of Ni-BCY20«BCY20«LSCF-BCCY20 was fabricated as follows. The powders of NiO (Wako Pure Chemical Industries, Ltd.), BCY20, and carbon black were mixed at a weight ratio of 57:38:5 wt.%. After that, polyethylene glycol was added into the resultant powder to be a slurry for the anode. This slurry was pasted on the BCY20 electrolyte disk, and subsequently fired at 1400°C for 5 h in air. Then, powders of BCCY20 and LSCF were ball-milled at a weight ratio of 50:50 wt.%, and mixed with polyethylene glycol. The obtained cathode slurry was screen-printed on the opposite side of the BCY20 electrolyte disk and fired at 1200°C for 5 h in air.
Electrochemical measurements
The electrical conductivities of sintered rectangular bars were measured at 500-700°C in 6.5% humidified oxygen by the dc fourprobe method. The water vapor was supplied by bubbling the gas into water. Samples were held for 30 min at each temperature before measurement.
Transference numbers of BCCY100x were evaluated from the electromotive force of the following oxygen concentration cells at 500-700°C. 27 By using following equations, the electromotive force gives the transference number of each charge carrier.
where E, t j ( j = H + , O 2¹ , e ¹ , ion), P, R, and T are the electromotive force, the transference number of each charge carrier, the pressure, the gas constant, and the absolute temperature, respectively. The ORR activity of the LSCF-BCCY20 and LSCF-BCY10 was studied using the symmetrical cell. The ac impedance analysis was performed at 550-700°C in 6.5% humidified oxygen under the open circuit condition. This measurement was conducted in a frequency range of 1 MHz-0.1 Hz and at an applied voltage amplitude of 10 mV.
The power generation test of the electrolyte-supported cell employing a BCCY20-LSCF cathode was conducted. Prior to the test, NiO-BCY20 was reduced at 750°C in a hydrogen atmosphere. After that, 3% humidified hydrogen and pure oxygen were supplied to the anode and cathode, respectively. Current-voltage characteristics and impedance spectra of the cell were measured at 600°C-700°C.
Except for the electrical conductivity measurement by the dc four-probe method, prepared cells were placed between alumina tubes and sealed by Pyrex glass rings. All electrochemical measurements were performed using CellTest system (potentiostat/galvanostat 1470E and frequency response analyzer 1455, Solartron Analytical, UK). Figure 1 shows XRD patterns of powders prepared by the citric acid complex method. Below 8% of the cobalt concentration, no impurity phases were observed. For BCCY5 and BCCY8, the diffraction lines ascribable to BaCe 0.9¹x Co x Y 0.1 O 3¹¤ shifted to higher angle, compared with those for BCY10. This indicates the shrinkage of the lattice constant due to the substitution of cerium cation by relatively small cobalt cation. On the other hand, for BCCY10 and BCCY20, the lines of BaCoO 3 -based oxide appeared in addition to those of BaCe 0.9¹x Co x Y 0.1 O 3¹¤ . Thus, the approximate solubility limit of cobalt in BCCY100x will be 8%. The intensity of these new lines increased with an increment in the cobalt concentration. As a result, the lattice parameters of BaCe 0.9¹x Co x -Electrochemistry, 88(1), 28-33 (2020) Y 0.1 O 3¹¤ for BCCY20 became larger, compared with those for BCCY10. This lattice expansion is derived from the difference in the concentration of cerium and yttrium in BaCe 0.9¹x Co x Y 0.1 O 3¹¤ between BCCY10 and BCCY20, accompanying the formation of BaCoO 3 -based oxide. For the lines of BaCoO 3 -based oxide, apparent peak shifts were not observed between BCCY10 and BCCY20.
Results and Discussion
Next, the electrical conductivity of BCCY100x and BCY10 was evaluated in a humidified oxygen atmosphere. Arrhenius plots for the total electrical conductivity of BCCY100x are depicted in Fig. 2(a) . For all samples, the electrical conductivity was improved with an increase in a temperature, which implied a semiconducting behavior of BCCY100x. Furthermore, the cobalt concentration highly affected the electrical conductivity of BCCY100x specimen. Figure 2 (b) displays the total electrical conductivity of samples as a function of cobalt concentrations at various temperatures. Small amount of cobalt addition into BCY10 degraded the electrical conductivity. However, above 10% of the cobalt concentration, the electrical conductivity turned into an increase. Interestingly, BCCY20 achieved the highest electrical conductivity among specimens studied. This can be explained by the contribution of the high total electrical conductivity of a BaCoO 3 -based phase, which exists in BCCY10 and BCCY20; 31 7.1 S cm ¹1 at 700°C in a dry nitrogen atmosphere.
Transference numbers of charge carriers for each sample were measured at 600°C and 700°C using oxygen concentration cells. Electromotive forces of oxygen concentration cells, corresponding to Eqs. (1) and (2), are summarized in Table 1 . Based on Eqs. (3)-(5), the transference number of each carrier was estimated. Although BCCY20 was composed of two phases, Eq. (3) was applied approximately because of the low amount of a BaCoO 3 -based phase. Figure 3 shows transference numbers of proton and electron (hole) for various compositions of BCCY100x. The rest of transference numbers corresponds to the contribution of oxide ion. The mixed conduction of proton and electron was confirmed for all materials studied. The transference number of each carrier in BCCY100x significantly depended on the additive concentration of cobalt cation in the oxide. Although the proton transference number was highly improved by the addition of 5% cobalt to BCY10, it began to decrease with an increase in a cobalt amount. In addition, the reduction in an operating temperature enlarged the contribution of proton for the electrical conduction. This will be explained by an exothermic hydration reaction (Eq. (6)).
The amount of protons dissolved in the oxide becomes larger at lower temperatures due to the suppression of proton desorption as a form of H 2 O. On the other hand, the electron transference number dropped in a reduced temperature because of the semiconducting behavior of BCCY100x. Besides, the increment in a cobalt concentration improved the electron transference number. In an oxidizing atmosphere, cobalt cation in an oxide possesses the mixed valence state of +3/+4. 32, 33 When Ce 4+ sites are substituted by Co 3+ , oxygen vacancies are created for the compensation of a charge neutrality in BCCY100x as follows.
Subsequently, a hole is produced through the occupation of oxygen vacancies by oxygen atom in an oxidizing atmosphere (Eq. (8)). Electrochemistry, 88(1), 28-33 (2020)
Thus, a cobalt addition is an effective strategy for the improvement of an electronic conduction in BCY10. Beyond the solubility limit of cobalt in BCY10, an electronic conduction can be enhanced by the existence of BaCoO 3 -based phase. The partial electrical conductivity is obtained by the product of total electrical conductivity and transference number of each charge carrier as follows.
, where · j and · tot are the partial (proton/electron) and total electrical conductivity, respectively, and t j is the transference number of proton or electron. The estimated partial electrical conductivities for proton and electron of BCCY100x at 600°C and 700°C are summarized in Fig. 4 . The proton conductivity was almost the same value, regardless of the chemical composition of samples. Meanwhile, the electrical conductivity varied significantly, depending on a cobalt concentration in the sample. Particularly, BCCY20 showed approximately 3.5 times higher electronic conductivity than BCY10. In conclusion, BCCY20 has a great potential as a constituent material for PCFC cathodes due to the much higher electronic conductivity and the equivalent proton conductivity, compared with a conventional proton conductor of BCY10. Hereafter, we mainly focused on BCCY20 and investigated the applicability to a PCFC cathode. First of all, the polarization resistance of BCCY20 was evaluated with a symmetrical cell in a humidified oxygen atmosphere. However, the sufficient ORR activity was not obtained because of the low electrical conductivity of BCCY20. Then, in this study, BCCY20 was mixed with LSCF, which is a conventional cathode material of SOFCs. The mixing ratio of BCCY20 and LSCF was optimized for the ORR activity. In this test, BCY20 was employed for the electrolyte, which had a hole conduction in an oxidizing atmosphere. Thus, the polarization resistance may be underestimated due to the current leakage by the hole conduction in an electrolyte. However, since the electrolyte with a same composition and thickness was applied for all tests, it is possible to compare the performance of each electrode. Figure 5(a) represents the impedance spectra of LSCF-BCCY20 electrodes with various mixing weight ratios at 650°C. For comparison, the spectrum for LSCF electrode is also displayed. The LSCF-BCCY20 composites showed much smaller polarization resistances than a LSCF electrode. Interestingly, the considerable reduction in a polarization resistance of a LSCF electrode was achieved by mixing BCCY20 though BCCY20 itself had the quite low ORR activity. Among three types of composite electrodes, the LSCF-BCCY20 mixed at the weight ratio of 50:50 demonstrated the highest ORR activity. While the arc in a lowfrequency range (below 10 Hz) of impedance spectra was almost the same diameter for each composite electrode, that in a relatively high-frequency range (10 4 -10 1 Hz) varied depending on electrode compositions. In general, the resistance for the charge transfer emerges in a higher frequency region of an impedance spectrum. Electrochemistry, 88(1), 28-33 (2020) Since the electronic conductivity of Ba(Ce,Co,Y)O 3¹¤ and BaCoO 3based phases in BCCY20 is still lower than that of LSCF, the promotion of an electron transfer in a composite electrode cannot be expected. Unlike LSCF, however, Ba(Ce,Co,Y)O 3¹¤ phase in BCCY20 possesses the proton conductivity as well as the electronic conductivity. Then, the molar ratio of Ba(Ce,Co,Y)O 3¹¤ in BCCY20 was roughly estimated, assuming that the solubility limit of cobalt in Ba(Ce,Co,Y)O 3¹¤ was 8% and the by-product formed in BCCY20 was only BaCoO 3 . The volume ratio of Ba(Ce,Co,Y)O 3¹¤ to LSCF and BaCoO 3¹¤ in different weight ratios of composite electrodes is summarized in Table 2 ; BaCoO 3¹¤ was considered as an electronic conductor. In addition, total polarization resistances of composite electrodes are plotted as a function of volume percent of Ba(Ce,Co,Y)O 3¹¤ in Fig. 5(b) . Based on the percolation theory, the volume ratio of Ba(Ce,Co,Y)O 3¹¤ in LSCF-BCCY20 (70:30 wt.%) is almost the threshold value for a proton conduction on this phase. The oxygen reduction reaction occurs at the boundary of ionconducting and electron-conducting and gaseous phases, the socalled triple-phase boundary (TPB). The mixing of BCCY20 with LSCF increases ion (proton) conducting paths within a cathode. Therefore, it is concluded that the enhancement in the ORR activity by the addition of BCCY20 is derived from the extension of TPB length in a composite electrode. In the following parts, the weight ratio of LSCF to BCCY20 in a composite electrode was fixed at 50:50. Figure 6 represents the temperature dependence of total polarization resistances for LSCF, LSCF-BCY10, and LSCF-BCCY20 in a humidified oxygen atmosphere. For comparison, the composite of LSCF-BCY10 was selected as a typical cathode material for PCFCs. The LSCF-BCY10 composite electrode showed slightly lower polarization resistance than the LSCF electrode due to the existence of proton conducting path. However, the ORR activity of LSCF-BCY10 was no match for that of LSCF-BCCY20. Table 3 shows the activation energy of a polarization resistance for each electrode estimated from Fig. 6 . Since all electrodes exhibited almost the same activation energy, additives of BCCY20 and BCY10 will have no impact on the rate-limiting step for an ORR. In other words, a frequency factor, which reflects the number of reaction sites, mainly made a difference in polarization resistances. As described above, BCCY20 possesses the much higher electronic conductivity and the equivalent proton conductivity, compared with BCY10. Therefore, proton and electron can move efficiently in LSCF-BCCY20, resulting in the expansion of the reaction field for the oxygen reduction. In conclusion, LSCF-BCCY20 is a promising alternative cathode material for PCFCs. Finally, the performances of two electrolyte-supported cells were evaluated at 600-700°C; Ni-BCY20«BCY20«LSCF and Ni-BCY20«BCY20«LSCF-BCCY20. Figure 7 (a) displays current-voltage characteristics of single cells. Since both cells showed similar open circuit voltages close to the theoretical values at every temperature, the fully dense BCY20 electrolyte disk was successfully obtained. The cell with a LSCF-BCCY20 cathode achieved higher performance at each temperature. Additionally, impedance spectra of the cells at 650°C are depicted in Fig. 7(b) . Although an electrolyte disk with the same thickness and the identical anode material were employed for both cells, smaller ohmic and Electrochemistry, 88(1), 28-33 (2020) polarization resistances were observed for the cell with a LSCF-BCCY20 cathode. Therefore, the difference in a cathode material is the main reason for the difference in the cell performance. The smaller polarization resistance of a LSCF-BCCY20 cathode is consistent with the result in Fig. 5(a) ; the addition of BCCY20 contributed to the introduction of a proton conductivity to a LSCF cathode. Accordingly, the number of proton conducting path is increased. This is the reason for the reduction in an ohmic resistance of the cell with a LSCF-BCCY20 cathode. In conclusion, the addition of BCCY20 with the electronic conductivity as well as the proton conductivity into a cathode was highly effective for the enhancement of the PCFC performance.
Conclusions
The electrochemical properties of cobalt and yttrium co-doped barium cerate (BCCY) were studied, and the composite cathode of LSCF-BCCY was developed for PCFCs. Since the solubility limit of cobalt in BCY10 was ca. 8%, the secondary phase of BaCoO 3based oxide emerged at the high additive concentration of cobalt cation. For all compositions of BCCY studied, the mixedconducting property of proton and electron was observed. The electrical conductivity and transference number for BCCY were significantly affected by the concentration of cobalt in the oxide. Particularly, BCCY20 possessed much higher electronic conductivity and equivalent proton conductivity because of the existence of BaCoO 3 -based oxide, compared with the conventional proton conductor of BCY10. In the symmetrical cell test in a 6.5% humidified oxygen atmosphere, the optimized composite electrode of LSCF-BCCY20 showed a higher activity than LSCF itself and LSCF-BCY10 composite electrode. From this result, it was suggested that the mixed-conductivity of proton and electron in BCCY20 increased the reaction sites in an electrode. Furthermore, in the power generation test, the performance of the electrolytesupported single cell with a LSCF-BCCY20 (50:50 wt.%) cathode was also superior to that with a LSCF cathode. Thus, the composite of LSCF-BCCY20 is a promising cathode material for PCFCs.
